Abstract The rapid increase in the number of computed tomography (CT) scans performed has augmented concerns about safety risks. Although some of this increase is certainly legitimate and improves patient care, there is certainly still a need for dose reduction. Patients may insist on receiving a CT scan, and defensive medicine can certainly be a source of useless exposure. This means that the principle of justifying CT examinations needs to be reemphasized. Dealing with a properly justified examination is then a matter of image optimization aimed at providing the necessary diagnostic information at the lowest possible applied dose. The optimization of CT acquisition protocols involves teamwork in which manufacturers, legal bodies, radiologists, technologists, and medical physicists all play an important role. The purpose of this article is to review the latest progress in terms of the optimization of CT acquisition protocols in the pediatric population.
Introduction
Diagnostic X-rays contribute about 25 % of the total (manmade plus natural) annual amount of radiation delivered to the general population in Western countries, with computed tomography (CT) being the largest single source of these X-rays. Most patients certainly benefit from these CT examinations, but in the last 10 years their impact on the collective dose has drastically increased and, therefore, efforts are required to control this trend and to ensure that the risk-benefit ratio clearly lies on the benefit side [1] [2] [3] . The most efficient way to improve protection of the population from radiation in the field of medical imaging is, obviously, to focus on justifying examinations. This is a prerequisite to comply with regulations and certainly, at the moment, there is still a lack of consensus among certain indications for CT. Every effort should be made to optimize the acquisition protocols to avoid any waste of radiation dose. Within the process of optimization, it is essential that the dose reduction schemes proposed are verified to remain compatible over time with the production of images in which the integrity of the required diagnostic information is achieved.
Since its introduction, CT has been subject to major technological progress and modern CT units provide both a short acquisition time and an excellent isotropic 3D spatial resolution. This has drastically extended the role of CT for a broad range of clinical symptoms. The use of CT in adults has increased drastically in this last decade, and its continuous technological progress has also allowed an improvement in children's care. It is particularly useful for diagnosis and assessment of congenital heart abnormalities, lung and airway diseases, trauma, and infections [4] [5] [6] [7] [8] [9] and the proportion of pediatric patients undergoing CT scans ranges from 0 to 38 %, with more than 10 % in the USA, depending on the country and examination [10 •• , 11-13] . CT examinations can be performed in very young children, as shown by a Swiss study which demonstrated that 41 % of pediatric CT examinations were performed in neonates and children under the age of 5 years [14] .
The risk of induction of cancer from diagnostic X-ray exposure is still widely debated. In general, two main approaches are taken [15] . On the one hand, some scientists publish data predictions about the number of potential deaths following diagnostic examinations [16] [17] [18] [19] . These data are then reformulated and simplified, reinforcing the impression that CT examinations are particularly dangerous. To achieve more impact, this kind of sensationalist literature does not mention the benefit associated with CT examinations. The other approach is to consider, as Durand [20] did in a recently, that ''cumulated dose estimates are of little relevance and never constitute a logical reason to avoid an imaging procedure that is otherwise medically indicated.'' This last statement is certainly true for well-justified examinations, but one should never ignore the risk associated with the use of X-rays. To reinforce that statement, it is interesting to consider the results of a recent retrospective cohort study performed in the UK between 1985 and 2002 that considered CT performed on patients younger than 22 years. This study showed that cumulative doses of about 50 mGy might almost triple the risk of leukemia and doses of about 60 mGy might triple the risk of brain cancer. Although the cumulative absolute risks are indeed very small (one excess case of leukemia and one excess case of brain tumor per 10,000 head CT scans is estimated to occur [21, 22 •• ]), these results prove that every effort should be devoted to optimizing as much as possible the imaging protocols and to limit additional examinations to those that are only strictly necessary. Fortunately, many CT examinations deliver doses well below organ doses of 50 mGy but still, the linear no-threshold model should be used to optimize CT acquisition protocols even if we know that the statistical power of the studies is not strong enough to demonstrate a link between the dose and induction of cancer.
Patient Dose Optimization: A Teamwork
In parallel to the race to increase the temporal and spatial resolutions in CT, the optimization of the acquisition protocols has been a priority for many years, and very efficient results have already been obtained. To limit any waste of dose while maintaining the diagnostic value of the images, it is necessary to involve several actors.
Role of Manufacturers
Several innovations have been introduced over the last few years by equipment manufacturers. One relevant innovation was the introduction of tube current modulation (TCM), available as long as 10 years ago, that made it possible to limit patient overexposure. Furthermore, and compared with an already optimized protocol, TCM makes it possible to decrease the X-ray tube charge (mAs) by roughly 20 % in adults [23] . Unfortunately, TCM in neonates and young children usually leads to a much more moderate dose reduction (from 2 to 10 %) when compared with already well optimized CT protocols [24] .
Moreover, both the X-ray collimation and the number of detector rows have been increased over these last few years in order to increase the temporal resolution in an attempt to provide an excellent isotropic spatial resolution This trend has reduced the overbeaming effect (penumbra), but nowadays the use of large X-ray beam collimation introduces a new challenge concerning z-overscanning [25] . Fortunately, the introduction of dynamic X-ray beam collimation makes it possible to reduce this type of overexposure [26] [27] [28] [29] .
Temporal resolution can be increased significantly by the use of dual-source CT units (DSCT), where high pitch values can be used. As shown by Lell et al. [30] , the use of high pitch values during chest imaging can increase the image quality in infants and small or uncooperative children without the need for sedation or controlled ventilation. In addition, the use of DSCT units makes possible the use of prospective ECG-gated sequential acquisition in cardiac CT in children, even in the case of heart rates over 100 beats per minute for a dose burden comparable to that of cardiac CT with nongated acquisition [ 
One of the latest technological innovations aims to reduce the exposure of particularly radiosensitive organs such as the thyroid in children, the breast gland, and the eye lens. To achieve this goal, the X-ray tube current is modulated in the x, y, and z directions, with a drastic tube current reduction when the tube is positioned above the organs to be spared. To produce an acceptable image quality, the introduction of this technology is associated with a compensatory organ dose increase posteriorly [32] [33] [34] .
Finally, major efforts have been dedicated to optimizing the use of acquired information by replacing the standard filtered back projection (FBP) algorithm by some iterative solutions. In 2009, GE Healthcare (Milwaukee, WI, USA) introduced the first CT iterative reconstruction method commercially available for clinical applications, under the name of adaptive statistical iterative reconstruction (ASiR TM ). ASIR uses a blend of FBP images with iteratively reconstructed images that are produced, according to the manufacturer, in the raw data domain to reduce the image noise [35, 36 • , 37] . The same year, Siemens (Erlangen, Germany) released an iterative reconstruction solution in image space (IRIS   TM   ) . In contrast to ASiR, IRIS is based on an iterative reconstruction loop into the image domain to speed up the reconstruction process [38, 39] . One year later, Philips commercialized the fourth version of iterative reconstruction, which was named iDose 4TM . This method attempts to reduce the image noise without introducing a modification of the noise power spectrum to limit the noise texture modification [38] [39] [40] . After noise removal in the raw data domain, an optimal anatomical model is used in the image domain to maintain the appearance of the full-dose image. Toshiba (Tochigi, Japan) has also developed an iterative method, adaptive iterative dose reduction (AIDR TM ), which is adaptive and automatically calculates the optimized number of iterations [41] . Although these different methods of CT image reconstruction are still extensively evaluated, it appears that they are compatible with clinical requirements in terms of computing time, allowing a further dose reduction of 30-40 % from already optimized solutions with FBP [42] [43] [44] [45] . Nevertheless, there is still a lot of work to be done to improve the iterative reconstruction solutions available, namely, in terms of producing acquisitions associated with an effective dose lower than 1 mSv [46] [47] [48] . Figure 1 shows the potential for dose reduction with FBP, ASiR, and Veo (GE Healthcare). Depending on the complexity of the iterative algorithms, the image quality is highly improved. However, it has been shown that with certain of these iterative solutions, the potential for dose reduction was different depending on the reconstruction planes and the modification of the image texture (Figs. 2, 3 ) [48] .
The challenge is now to define the indications for which such low-dose acquisitions are suited. This represents the ultimate optimization process-to associate the dose burden with the diagnostic question to be answered.
Role of Legal Bodies and Professional Societies
There is no dose limit to be applied for patients since they directly benefit from a justified radiological examination. However, in order to limit the spread of this practice, the concept of the diagnostic reference level (DRL) was introduced by the International Commission on Radiological Protection in 1997 [49] . Several studies have shown that this initiative has been very efficient in reducing the range of doses that have been applied especially to the pediatric population, which constitutes a group not very often examined with CT in small radiology centers [50] . For example, the Swiss Federal Office for Public Health has published a set of DRLs that are used during the legal auditing of the centers performing CT examinations [51] . Unfortunately, the availability of DRLs does not prevent large dose variations (up to 32-fold), as shown in a recent review that collected information regarding effective dose levels during the commonest CT examinations in adults and children [52] . However, there are very efficient initiatives such as the ''image gently'' campaign [53] , organized under the auspice of the Society of Pediatric Radiology, and Image Wisely [54] that should help avoid an unacceptable spread of the actual practice.
Role of Radiologists and Technologists

Choice of the Image Quality and Number of Acquisition Phases
Having a framework to assess the standard protocols to be used is the first step of optimization. Publications are available to help radiologists verify whether their protocols are compatible with those commonly applied. However, the image quality should be adapted to the required diagnostic question. This will be more and more the case with the general use of iterative reconstructions. These reconstructions may allow massive dose reductions but the conspicuity of some anatomical details might be impaired. However very low dose protocols might fully compatible with follow-up studies of oncologic patients during treatment or follow-up of chronic diseases such as cystic fibrosis. The radiologist should help the technologist set the image quality. Moreover, the use of multiphase CT protocols, as those often performed for follow-up in oncologic adult patients, is rarely helpful for pediatric body scanning and should be eliminated whenever possible. 
Choice of the X-Ray Beam Energy
The choice of X-ray beam energy should depend on the indication. The use of low kilovoltages does not reduce the patient dose per se, which should be controlled by the displayed dose indicators-volume CT dose index (CTDI vol ) and dose-length product (DLP). However, the use of lower kilovoltages increases the photoelectric effect in bone and in tissues opacified with iodine. This increase in contrast obtained generates better conspicuity even if the image noise is increased. It is thus possible to reduce the CTDII vol without impairing the detectability of bone detail or small vessels [55, 56] .
Choice of the Pitch Value
The pitch parameter should be used not to reduce the patient dose but to optimize the temporal resolution of the acquisition. To ensure good data sampling in the z-direction, one should choose a pitch value close to unity. This might lead to artifacts because of patient movement, but then the acquisition time can be reduced by increasing the pitch value. On DSCT units it is possible to use a pitch value above 3.0, making it possible to avoid patient sedation in some cases.
Adaptation of the Protocol to Patient Anatomy
The variation of noise as a function of the CTDI vol parameter significantly depends on the morphology of the patient [57] . The smaller the patient, the lower the effect of a CTDI vol increase on noise reduction. One of the most efficient ways to control the image noise level while ensuring adequate exposure of the patient is to use the automatic exposure control that controls the TCM [13] .
Patient Positioning
The patient should always be correctly centered in the CT gantry. The centering of the patient decreases the number of artifacts and increases the distance from the radiation source, therefore reducing the dose. Moreover, bow-tie filters have been designed for a properly centered patient. If the patient is not correctly centered, the inappropriate compensation of the X-ray beam by the bow-tie filter will allow more X-rays to penetrate thinner peripheral portions Fig. 2 Comparison of the axial thoracic images obtained with FBP and Veo in an 8-year-old child with a CTDI vol of 0.14 mGy (100 kVp, 4 mAs, dose-length product of 3.82 mGy cm) Fig. 3 Comparison of the coronal thoracic images reconstructed with FBP and Veo for the patient in Fig. 2 of the patient's body, and the X-rays needed to penetrate the thicker, central portions will be reduced in intensity [13, 58] .
Organ Shielding
Selective organ shielding was introduced 15 years ago. It consists of placing latex sheets containing bismuth on the organs to be protected: usually the breast, the thyroid, and the eye lens. Different studies have proved their efficacy in reducing the dose to the organ under which the shield was placed. However, these shields also generate a waste of dose as described by Geleijns et al. [59 • ]. In fact, their use is considered counterproductive, especially for the pediatric population. Currently, the best solution to use to spare organ dose is to reduce the CTDI vol as much as possible, and take advantage of the organ-based TCM that should soon be available on CT units [32] .
Child-Friendly Environment
It is important to take care of the environment where the CT is performed, and the staff should make every effort to minimize the anxiety of the child. It is also important to reduce the time when the child is on the CT table. Distraction devices (music, toys, flashing lights, child-friendly images, etc.) may also help to lower the stress associated with a CT examination [13] .
Role of Medical Physicists
The role of medical physicists should be devoted to ensuring that all the possibilities available on the CT unit to optimize patient exposure are correctly used. They should also verify the indication of the dose indicators (CTDI vol , DLP, and dose efficiency parameters) and check if the standard protocols are compatible with the recommended DRL. They should also promote staff coaching in order to increase awareness levels in terms of the dose problematic [60, 61] . Medical physicists should clearly explain the impact of the size of the patient on his/her exposure. The CTDI vol is certainly a very convenient tool to characterize CT protocols, but it does not correspond to the actual dose delivered to a given patient. In very young children, it drastically underestimates the dose delivered to the tissues. The conversion of DLP into effective dose is also a problem where medical physicists should be active [62] . The first thing to remember is that the concept of effective dose was developed for the protection of workers exposed to radiation. However, in the field of medicine it is a rather convenient tool to compare various radiological procedures, but it should not be applied on an individual basis. For pediatric patients, specific conversion factors should be used. These conversion factors should be specified separately for both sexes and take into account the X-ray spectrum used.
Conclusion
The increasing number of CT scans performed on pediatric patients raises concerns about the risks associated with radiation. Obviously, the most efficient way to improve radiation protection is to strengthen the principle of justifying CT examinations. In recent years, however, different technical advances aimed at optimizing imaging protocols and reducing applied doses have been developed. These advances make it possible to increase the temporal and/or spatial resolution (increase of the number of detector rows, DSCT with the possibility of high pitch values) as well as to reduce the required dose (iterative reconstruction methods) while maintaining image quality sufficient for diagnostic purposes. Optimization of pediatric CT studies remains a task in which all the different entities involved (manufacturers, pediatric physicians, radiologists, technologists, medical physicists, and professional societies) play a significant role. Appropriate knowledge of radiation dose management is essential for improving the benefits and reducing the risks of pediatric CT examinations.
